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Classic approaches "As species of the same genus have usually, though by no means invariably, some similarity in habits and constitution, and always in structure, the struggle will generally be more severe between species of the same genus, when they come into competition with each other, than between species of distinct genera" (Darwin 1859, p. 76) . Following Darwin's influential view that competition is the main driver of evolution, the study of community assembly processes focused on how competitive exclusion limits the ecological similarity of co-occurring species. This view was fostered by the Lotka and Volterra mathematical models of competition, and by Gause's M any people wonder why so many desert plant communities are dominated by spiny species, most of them cacti. The first observation refers to the community's phenotypic structure and the second to its phylogenetic structure. What do these observations tell us about the mechanisms assembling these communities?
The structure of ecological communities is driven by biogeographical and ecological processes. Large-scale biogeographical processes determine the regional species pool from which ecological communities are assembled. In turn, ecological processes at local scales may give feedback to influence the composition and diversity of the regional pool. The two main processes traditionally thought to structure ecological communities are competition and habitat filtering (e.g., Keddy 1995, Wilson et al. 1999) . Other key community processes, such as those related to food-web interactions, have also been considered (e.g., Paine's classic experiments in intertidal communities, the Janzen-Connell hypothesis in tropical forest). With the increasing availability of phylogenetic information there has been a revival of interest in understanding the evolutionary dimensions of local community assembly processes. In this context, Webb and colleagues (2002) provided a novel framework in which phylogenetic information from co-occurring species is used as an indicator of the two main assembly processes (competition and habitat filtering), although other ecological processes considering food-web interactions are increasingly examined. Since Webb and col- Articles classical competitive exclusion experiments. These studies suggested that when species compete for the same limiting resource, all but one species will be driven to extinction. On the other hand, species can coexist by inhabiting different niches that partition the available resources. The concept of limiting similarity was an outgrowth of the competitive exclusion principle, which suggests that similar species cannot coexist; thus, there is a limit to the number of species inhabiting a particular community, at which niche space is fully saturated. MacArthur and Levins (1967) evaluated the limit of the degree of similarity allowing for coexistence using a model that linearly ordered the resource-consuming species along a resource axis. Diamond (1975) presented an influential paper setting a number of community assembly rules that predict how competition leads to a nonrandom species co-occurrence pattern (1 in figure 1 ). These rules became controversial after the application of appropriate null models (Connor and Simberloff 1979 , Gotelli and Graves 1996 , Ulrich 2004 , and what followed was a massive debate about community structure, mainly focused on searching for empirical evidence that competition structured communities (see Weiher and Keddy 1999) . However, a number of studies demonstrated that two or more competitors could coexist while limited by a single resource, questioning the universality of limiting similarity. Indeed, coexistence of similar species can be driven by other processes, such as the spatial and temporal heterogeneity of resources and environmental conditions, or Figure 1. Methods for analyzing community structure can be represented in a simple framework in which the relationships (arrows) between the four key concepts (phylogeny, phenotype, environment, and co-occurrence) are integrated. Bracketed numbers refer to (1) the co-occurrence pattern versus the random expectation. Phenotype-based approach: (2.1) the relationship between the species' phenotypes and their co-occurrence (phenotypic community structure); (2.2) the relationship between species' response to the environment and the species' phenotypes, controlling by the species' phylogenetic relatedness (phenotypic community structure); (3) the phylogeny-based approach; (3.1) the relationship between the species' phylogenetic relationships and their co-occurrence (phylogenetic community structure); (3.2) the relationship between the species' phenotypes and their phylogenetic relationships (trait evolution); (4) the environment-based approach: the relationship between species' response to the environment and the co-occurrence, considering the phylogenetic relatedness (phylogenetic community structure).
the occurrence of greater intra-versus interspecific competition (Abrams 1983 , Tilman 1985 , Chesson and Kuang 2008 . Another methodological criticism of the community assembly rules was the simplicity of the niche overlap measures between species. Ricklefs and Travis (1980) proposed an alternative approach on the basis of morphological similarities among species in a multidimensional space (i.e., morphospace); their premise was that "the adaptations of organisms reflect their ecological relationships, specifically that morphological space can be mapped closely onto ecological space" (Ricklefs and Travis 1980, p. 322 ). Ricklefs and Travis characterized community structure by estimating the total morphospace volume occupied by each community and the distances between species in the morphospace. In this framework, competition is indicated by a standard deviation (SD) of nearest-neighbor distances along trait axes within the community that are lower than those predicted by the null model (2.1 in figure 1; Ricklefs and Travis 1980) . Whereas previous models were based on competition, other attempts to understand community structure considered the community composition to be the outcome of environmental factors filtering species with particular phenotypes. In this context, the environment is viewed as a filter, removing species that lack traits for persisting under a particular set of conditions (Keddy 1992) . Examples include whether a species can germinate underwater in wetland communities (van der Valk 1981) or under different fire regimes (Noble and Slatyer 1980) . Many researchers realized that the taxonomic hierarchy indicates relatedness among taxa and therefore provides clues to phenotypic similarity. After this finding, species-to-genus ratios were used as a metric in community structure studies (e.g., Simberloff 1970) . Recent approaches incorporate this rationale by enhancing the accuracy of the information on species relatedness from phylogenetic information.
Recent approaches
The incorporation of phylogenetics to the classical approaches has laid the foundation of the emerging research area of community phylogenetics, and has been the impetus for the development of many tools for detecting the underlying force structuring communities (see reviews in Webb et al. 2002 , Cavender-Bares et al. 2009 , Vamosi et al. 2009 ). The objective of the different methods and approaches is to detect patterns (e.g., clustering, overdispersion) from which it is possible to infer community processes (e.g., filtering, competition). The different approaches may be based on the different community representations of traits (phenotype-based methods), the phylogenetic relationships of the species in the community (phylogeny-based methods), or the species occurrence along environmental gradients (environment-based methods; figure 1 ). The appropriate use of these methods requires an explicit definition of the taxonomical and biogeographical scales, because by increasing the size of the spatial context we move the emphasis from local to biogeographical processes. Several studies have shown that increasing the spatial or taxonomic scale of the reference species pool leads to greater environmental heterogeneity, and consequently to a higher relative importance of habitat filtering in explaining community structure (Cavender-Bares et al. 2006 , Swenson et al. 2006 , Kraft et al. 2007 , Emerson and Gillespie 2008 , Graham and Fine 2008 , Vamosi et al. 2009 ). This is because the communities are considered open entities (following the metacommunity approach) and are linked by the dispersal of multiple potentially interacting species (Leibold et al. 2004 ).
Phenotype-based methods. The aim of phenotype-based methods is to infer the assembly process from the distribution of species traits in the communities relative to the distribution of traits in the available species pool. Such distribution corresponds to the phenotypic community structure, with two contrasted patterns: phenotypic clustering and phenotypic overdispersion (figure 2). Phenotypic clustering arises when co-occurring species are more similar (phenotypically) than expected from the distribution of traits in the regional species pool, whereas phenotypic overdispersion refers to cooccurring species that are less similar (phenotypically) than expected in the same species pool (see box 1). In general, environmental filtering leads to phenotypic clustering, whereas competition leads to phenotypic overdispersion (Weiher and Keddy 1995) . We note, however, that if there is substantial environmental heterogeneity within the area of study, then different microenvironments may filter different traits, leading to an overall lack of phenotypic clustering.
The phenotypic structure of the community can be detected by studying the phenotypes of co-occurring species (2.1 in figure 1 ). When competition is the main assembly process, phenotypically similar species tend to exclude each other, generating evenly distributed trait values along community trait axes. Such trait representation in the community can be detected when the standard deviation of nearest-neighbor distance measured along trait axes is lower (species are spaced more evenly), or when the kurtosis of the distribution of trait values is smaller than the expected value in randomly assembled communities from the regional pool (figure 2; Ricklefs and Travis 1980 , Kraft et al. 2008 , Cornwell and Ackerly 2009 , Ingram and Shurin 2009 . Using this approach, Rabosky and colleagues (2007) suggested that competition is the main driving force leading to the overdispersion of body size in Australian lizard communities. Another way to test whether dissimilar phenotypes co-occur is by correlating phenotype distances and co-occurrence matrices. Such a method enabled Cavender-Bares and colleagues (2004) to detect phenotypic overdispersion in a set of Floridian oak traits such as acorn maturation time, freezing embolism, leaf life span, and first-year vessel diameter.
When environmental filtering is the main assembly process, the resulting co-occurring species will necessarily have the traits conferring the ability to tolerate such filtering. Consequently, the co-occurring species will be phenotypically similar (phenotypic clustering; figure 2). The matrix correlation method (co-occurrence versus phenotype) provides evidence that plants species sharing the same postfire germination trait tend Articles to co-occur (phenotypic clustering) in fire-prone communities (Verdú and Pausas 2007) . Using the trait variability approach, the clearest signal of phenotypic clustering produced by environmental filtering is a reduction in the range of trait values from the one expected from the regional species pool (Cornwell et al. 2006 , Kraft et al. 2008 , Ingram and Shurin 2009 ). For instance, in Amazonian forests, functional traits such as specific leaf area (SLA), leaf nitrogen concentration, and maximum tree size showed a reduced range of values compared with the null model generated from the regional pool, clearly indicating phenotypic clustering (Kraft et al. 2008) . Although these methods reveal overall patterns at the community level, it is also possible to detect the relative contribution of each trait involved in the environmental filtering of species from specific clades in specific environments (Mayfield et al. 2009 ).
Once phenotypic clustering is detected, it is important to determine the environmental factor filtering the phenotypes. For instance, in the above Amazonian example, ridge tops tend to be composed of species with lower SLA (i.e., high sclerophylly) and smaller leaves compared with valley communities. To infer a causal relationship between phenotypes and environment, one must take the phylogenetic relatedness among species into account to control for the pseudoreplication derived from common ancestry. Cavender-Bares and Box 1. The jargon jungle.
In spatial ecology (i.e., the study of the spatial structure of sessile organisms), three concepts are used to describe the spatial dispersion of organisms (Perry et al. 2002) . When the locations of organisms are independent of one another, so that all locations have the same probability of containing an organism (null model of dispersion), it is considered a random pattern. When the presence of one organism increases the probability of finding another in the vicinity, then it is said that there is species attraction, and the pattern has many names, including clumped, clustered, underdispersed, contagious, aggregated, or patchy; all referring to the same concept. Finally, when the presence of an organism reduces the probability of finding another nearby, it is said that there is species repulsion, and the pattern is typically called overdispersed, evenly dispersed, or described as having a regular, uniform, or checkerboard pattern. However, the term overdispersed has also been used to refer to clumped patterns (e.g., Connor et al. 1997) ; this is because in statistical terms, overdispersion is used when the variance is greater than the mean in a frequency distribution (overdispersed data). Thus, to avoid ambiguities, the use of the term overdispersion has been discouraged (Perry et al. 2002) . There are many methods to test the deviation from the random pattern based on the (spatial) distance between the studied organisms (e.g., neighbor distance methods, individual-to-all-individual distance methods, etc.). These concepts have been adopted in community ecology; they use the phenotypic distances when studying trait-state dispersion, and the phylogenetic distances when studying the phylogenetic community structure. For instance, phenotypic clustering (i.e., phenotypic underdispersion) means that the co-occurring species are more phenotypically similar (species attraction) than what we would expect under the null model (i.e., all phenotypes having the probability given by the regional species pool). Phylogenetic overdispersion (i.e., phylogenetic repulsion) means that the co-occurring species are less closely related than expected by chance (i.e., as it would be expected for the phylogeny of the regional species pool). In the jargon of community phylogenetics, clustering and overdispersion are perhaps the most commonly used terms to refer to the two contrasting patterns (Webb et al. 2002) , although some authors use phylogenetic evenness instead of overdispersion to avoid the ambiguities mentioned above. Another way to escape this jargon jungle is to talk about high and low dispersion, referring to higher and lower dispersion than random, respectively. In this article, we use the original terminology used in the seminal paper by Webb and colleagues (2002) colleagues (2004) used phylogenetic independent contrasts to correlate functional traits (such as transpiration rate) with habitat (soil moisture) preferences in Floridian oaks. Alternatively, this phylogenetically controlled correlation may be performed by means of partial Mantel tests among the corresponding distance matrices (Elias et al. 2008) , or by ordination methods that account for environment, traits, and species (e.g., RLQ analysis; Dray and Legendre 2008) . Ferrier (2007) recently proposed a more general test for matrix correlations that allows the detection of nonlinear responses to the environment. All of these methods have the drawback that a single environmental value (typically the mean) is assigned for each species without considering the difference in species' environmental ranges. This can be overcome by using recent comparative methods that incorporate intraspecific variability in the analysis (e.g., Felsenstein 2008) .
To account for the multidimensional nature of phenotypes, an early approach was to estimate species clustering using the minimum spanning tree, which is the shortest path connecting the species in the trait space (e.g., Ricklefs and Travis 1980) . Cornwell and colleagues (2006) developed a similar trait-based approach using the idea of the multidimensional niche (Hutchinson 1957 ) and community hypervolume (Ricklefs and Travis 1980) . Cornwell and colleagues quantified the trait space (morphospace) occupied by a community using the convex hull volume-that is, the smallest convex contour enclosing the points (species) in the trait spaceand compared it with a null model of a randomly assembled community with the same species richness. Filtering is demonstrated by the reduction of the volume, indicating that the range of successful combination of traits in the community is restricted. A clear example is how recurrent fires, by precluding the entry of some phenotypes into community, reduce the trait combination and community volume (Pausas and Verdú 2008) . Although this method was designed for testing habitat filtering, it could be combined with a test of competition (see "Going beyond the dichotomy," below).
Phylogeny-based methods. The aim of phylogeny-based methods is to infer the assembly process from the phylogenetic relationships of the co-occurring species in the communities. Indeed, phylogenetic relatedness can be considered a proxy for the multidimensional phenotypes, given that phenotypes are likely to be conserved because of common ancestry. Phylogenetic clustering and overdispersion are the two contrasted phylogenetic community structures; the former is indicated by closely related species co-occurring more often than expected by the null model, the latter by closely related species co-occurring less often than expected (3.1 in figure 1). Webb and colleagues (2002) combined the phylogenetic and phenotypic species information from the community to differentiate between environmental filtering and competitive exclusion. Because environmental filtering allows only species with particular traits to enter the community, coexisting species will possess similar phenotypic characters (i.e., phenotypic clustering). Therefore, the community phylogenetic structure depends on whether the trait evolved in a conserved or convergent way (figure 3). If closely related species are similar in the trait that confers tolerance (trait conservatism), then coexisting species will not only be phenotypically clustered but also phylogenetically clustered (Com-1 in figure 3) . Alternatively, if distantly related species are more similar than expected by chance (trait convergence), then coexisting species will be sampled from different clades and thus phylogenetic overdispersion will characterize the community structure (Com-3 in figure 3 ).
In contrast, competition exclusion refers to the process leading to the coexistence of species with different traits (i.e., phenotypic overdispersion) to avoid niche competition. If the trait is conserved, competition will limit the co-occurrence of phenotypically similar-and therefore phylogenetically closely related-species, generating a phylogenetically overdispersed community (Com-2 in figure 3 ). When the trait is convergent, competition will limit the co-occurrence of phylogenetically distant species (Com-4 in figure 3 ), which produces different phylogenetic patterns depending on the outcome of the species interactions. For instance, phylogenetic clustering could arise from pair-wise competition; species from one subclade always outcompete those in a different subclade. However, as this situation seems unlikely, randomness is the most expected phylogenetic pattern.
To test for these assembly processes we need to quantify both the trait evolution and the phylogenetic structure of the community. Trait evolution (conservatism and convergence) can be assessed by studying the relationship between phenotypes and phylogenetic distances (3.2 in figure 1) . This relationship, known as phylogenetic signal, can be estimated by different methods, including matrix correlation, parsimony step reconstruction, generalized least-squares models, phylogenetic independent contrasts, and the tree geometric pattern (Blomberg et al. 2003 , Revell et al. 2008 , Stayton 2008 . It should be noted that a significant phylogenetic signal is reflecting only statistical dependence among species' trait values, which is the pattern required for testing the assembly processes; however, we cannot infer the evolutionary process behind the pattern depicted by the phylogenetic signal (Revell et al. 2008) .
Different metrics have been developed to quantify phylogenetic community structure, and each of theses metrics is sensitive to different aspects of community structure, such as the dominant assembly process or the species pool size (box 2). All these methods are certainly subject to error; the use of a simulation approach will allow quantification of the statistical performance of each method with different scenarios (box 3). It is also important to detect which clades of the phylogenetic tree are the most responsible for the community structure, because apparently random community structures may arise as a consequence of opposite phylogenetic patterns in different clades. In general, these methods test for a different (over-or under-) representation in the communities of species within a particular clade Articles under high fire frequency, whereas phylogenetic overdispersion occurred in those subject to low fire frequency Pausas 2007, Ojeda et al. 2010 ).
Environment-based methods. The aim of the environmentbased methods is to infer the assembly process from the species' response to the environment. This approach follows a similar rationale to that proposed by Webb and colleagues (2002) , but considers the species' response to the environment as the focal trait. Indeed, the species' response to the environment can provide clues for the co-occurrence of the species within communities. Cavender- Bares and colleagues (2004) used the correlation between the species-environmental overlap matrix and phylogenetic distance matrix and found the same results as correlating the co-occurrence and phylogenetic distance matrices.
Helmus and colleagues (2007a) provided a specific method to detect community phylogenetic structure driven by environmental variables (4 in figure 1 ). The species' response to the environment is evaluated by regressing species occurrence or abundances against environmental variables. Regression models that do not capture unimodal species' responses in large environmental gradients should be used with caution (e.g., see Huisman et al. 1993 for appropriate regression models). Testing the phylogenetic signal of the regression coefficients produces an indication of habitat filtering. If related species respond similarly to the same environmental factor (conserved response), then phylogenetic clustering through habitat filtering occurs (as in Com-1 in figure 3) . Similarly, habitat filtering could also occur when the species' response to environment is similar in distantly related species (convergent response), thus producing a phylogenetic overdispersion of the community (as in Com-3 in figure 3 ). The latter pattern could be tested by detecting convergent trait evolution of the regression coefficients. Most of these methods cannot be used to reveal complex phylogenetic patterns at the metacommunity level; for example, different communities can share similar values of clustering without sharing common lineages. By phylogenetically weighting the co-occurence matrix, it is possible to scale up phylogenetic structure toward metacommunities (Pillar and Duarte 2010) .
Ultimately, any of the indicators of the phylogenetic structure in the community should be related to the prevalence of particular phenotypes in the community, or to environmental parameters. For instance, in Mediterranean plant communities, phylogenetic clustering was observed in communities Figure 3 . The phenotypic and phylogenetic structure of the community is a consequence of the trait evolution (conserved versus convergent) and the dominant assembly process (habitat filtering versus limiting similarity). Red dots represent a quantitative trait (e.g., seed size, height, specific leaf area, etc.) that can be conserved (a) or convergent (b) in the phylogeny. Green boxes represent four hypothetical communities (Com-1 to Com-4) with five species selected from a regional pool of ten species. Habitat filtering allows the persistence of species with large red dots (Com-1 and Com-3), generating a phenotypic clustering; the phylogenetic structure depends on the trait conservatism. Limiting similarity processes such as competition or facilitation prevent similar species from co-occurring in Com-2 and Com-4, and therefore produce a phenotypic overdispersion (overdisp.). In that case, the phylogenetic structure would be overdispersed for conserved traits, but can be clustered, random, or overdispersed for convergent traits.
Box 2. Measuring phylogenetic community structure.
Webb and colleagues (2002) estimated phylogenetic structure by comparing the mean phylogenetic distance (MPD) or mean nearestneighbor phylogenetic distance (MNND) of the species inhabiting each community against the random expectation based on the regional species pool, in such a way that lower MPD or MNND would indicate phylogenetic clustering, where as higher MPD or MNND would indicate overdispersion (figure 3). The net relatedness index (NRI) and the nearest taxon index (NTI) are standardized forms of MPD and MNND, respectively, and are used for measuring the degree of phylogenetic dispersion (high values indicate clustering whereas low values indicate overdispersion; see Vamosi et al. 2009 for a deep review, with examples). The NTI has a greater power to detect patterns due to competition, whereas the NRI performs better with environmental filtering (Kraft et al. 2007 ). Regarding the size of the local community relative to the regional species pool, the statistical power increases with pool size for filtered communities but decreases for communities dominated by competition (Kraft et al. 2007 ). The presence of unresolved nodes, especially in deep nodes, increases type II error (failure to detect nonrandom patterns); indeed, NRI is more sensitive to unresolved nodes than NTI, as the number of nodes needed for computing NRI is in general larger (Swenson 2009 ). In addition, tests for phylogenetic structure are also sensitive to the phylogenetic signal of both regional species abundance and traits, as well as to the type of null model considered (see Hardy 2008 and Kembel 2009 for performance tests of some of the metrics). A traditional measure of phylogenetic diversity (PD), calculated as the minimum tree length connecting all the taxa to the root of the tree (Faith 1992) , has similarly been used to study the phylogenetic community structure (Proches et al. 2006 , Pavoine et al. 2009 ). Indeed, clustering is indicated by PD values lower than those predicted by the regression between PD and species richness (Forest et al. 2007, Coca and Pausas 2009 ). After Webb and colleagues, several alternative phylogeny-based methods to detect community structure have appeared. Helmus and colleagues (2007b) developed another metric, named phylogenetic species variability (PSV), that measures the variance among species of a community in the value of a hypothetical neutral trait evolving under a Brownian motion model. Because phylogenetic relatedness decreases the variance of the hypothetical trait, phylogenetic clustering (overdispersion) would be indicated by a PSV value lower (higher) than expected by chance. Hardy and Senterre (2007) proposed a method based on additive partitioning of the phylogenetic diversity (mean divergence time between species) within and between communities. This method indicates phylogenetic clustering when mean divergence time within community is lower than between communities, and overdispersion otherwise. One of the advantages of this method is that it is less dependent of the regional species pool for detecting community structure (Hardy and Senterre 2007 ). Yet another way to quantify the community structure is to use the standard deviation of the number of species per phylogenetic node (accounting only for the nodes present in the community species pool), and thus without considering branch lengths (Prinzing et al. 2008) . When this approach is used, clustering is indicated by standard deviation values lower than expected by chance. All of the abovementioned methods are based on comparing phylogenetic relatedness of the species within and between communities. Another category of methods is based on comparing the degree of co-occurrence of species pairs in relation to the phylogenetic distance between them. This correlation must be compared against the appropriate null model. Negative (positive) correlation indicates that closely related species tend to co-occur more (less) often than expected by chance; that is, communities are phylogenetically clustered (overdispersed). Examples of the use of this method can be found in Cavender-Bares and colleagues (2004, 2006) and Helmus and colleagues (2007a) . Similarly, phylogenetic community structure can be tested by computing the phylogenetic signal of an occupancy measure (e.g., occurrence, abundance; Cadotte et al. 2009 ). Many of the above methods (e.g., MPD and MNND, PD, PSV, matrix correlation methods) can be used with presence and absence data, as well as those considering the species relative abundance (e.g., Cadotte et al. 2009 ). In general, most of the methods tend to reject the null hypothesis when it is true (high type I error) in cases with a spatial or phylogenetic autocorrelation in species abundance. Thus, appropriate null models preserving such autocorrelation should be used (Hardy 2008) . For instance, a reliable null model is produced by permuting species with similar abundances across the tips of the phylogeny (Hardy 2008 , Kembel 2009 ).
Box 3. Evaluating the statistical performance of phylogenetic structure methods.
The evaluation of the statistical performance requires that we simulate known phylogenetic community patterns, then apply the evaluated metric, and finally quantify the number of times that the metric can correctly detect the simulated pattern. It is known that the phylogenetic community structure is sensitive to the size of the regional and community species pool, tree imbalance and resolution, trait evolution, and the assembly process (Kraft et al. 2007 , Hardy 2008 , Kembel 2009 , Swenson 2009 ). The simulation involves defining the phylogenetic tree of the regional species pool, simulating the trait evolution in this tree, and selecting the species assembling each community following one of the assembly rules (habitat filtering, random assembly, and species interaction). This process should be repeated many times to obtain the error rate. To detect type I error, it is necessary to generate communities with no phylogenetic structure. This can be achieved by simulating a random trait evolution or a random community assembly. The former can be easily generated by randomly allocating trait values to the tips of the phylogeny of the regional pool. The latter can be produced by randomly allocating the species from the regional pool into the communities. To detect type II error, it is necessary to generate communities with either clustered or overdispersed phylogenetic structures. To generate a clustered community, we need to mimic the conserved trait evolution and the habitat filtering process (Com-1 in figure 3) . A conserved trait can be simulated using a Brownian motion model or by manually ordering trait values across the tips of the phylogeny; then habitat filtering may be applied by selecting species whose trait values fall within a reduced range (i.e., mimicking survival in the environment). Phylogenetic overdispersed communities can be simulated by generating conserved traits and then selecting dissimilar species in relation to this trait (Com-2 in figure 3) , or by generating a convergent trait and selecting similar species (habitat filtering; Com-3 in figure 3 ). To select phenotypically dissimilar species requires first computation of the pair-wise Euclidean distances between all species in trait space, then selection the species pair with the smallest distance separating them; from that pair, we need to remove the species with the smallest mean distance to all other species in the community (Kraft et al. 2007) . A convergent trait can be generated by assigning different trait values in a repeated pattern across the tips of the phylogeny. Finally, the performance of the metric would be the proportion of runs detecting the simulated phylogenetic structure.
Articles
The possibility of more than one filter at local scale cannot be discounted (Keddy 1992) . For instance, given that an environmental filter allows the persistence of closely related species, and that these species tend to share the same predators and parasites (Vamosi and Vamosi 2007) , predation could well be a second filter acting on the previously filtered community.
The simultaneous action of two community assembly processes could also be detected by combining the convex hull volume approach with a test of limiting similarity within the community (Cornwell et al. 2006) . Once the reduction of the community volume is demonstrated (habitat filtering), a second assembly process (limiting similarity) could be detected by comparing the spatial point pattern between species in the trait space with the null model (figure 4), such that trait overdispersion would be an indicator of limiting similarity (Ricklefs and Travis 1980 , Weiher et al. 1998 , Kraft et al. 2008 . For instance, Pacific rockfish assemblages show overdispersion of traits related to trophic position and clustering of traits involved in depth adaptation (Ingram and Shurin 2009 ).
In conclusion, environmental filtering and different biotic interactions may be acting together to assemble the community, and we therefore need to leave behind the simplistic idea of two opposite assembly forces.
Toward including evolutionary dynamics into community assembly.
The community assembly theory has largely viewed communities as the outcome of ecological dynamics (mainly filtering and competition, but see above). The role of community dynamics in triggering diversification and trait divergence has received little attention (Johnson and Stinchcombe 2007) . However, recent approaches aim to incorporate trait divergence (Pausas and Verdú 2008, Prinzing et al. 2008 ) and adaptive diversification (Fukami et al. 2007 ) into the framework of community assembly (Emerson and Gillespie 2008) .
Trait divergence within a community can arise from species interactions. Competitive exclusion acts at the local scale, whereas evolutionary divergence of traits appears across the habitat species pool (Prinzing et al. 2008) . Consequently, phenotypic overdispersion by trait divergence can be detected as a negative relationship between phylogenetic and phenotypic distances across the entire regional species pool (i.e., including different habitat types), and not within a given habitat (Prinzing et al. 2008) . By applying this method, Prinzing and colleagues found evidence for evolutionary divergence of persistence (e.g., lifespan) and dispersal (e.g., seed weight) traits in plant communities, suggesting the importance of including evolutionary dynamics in community assembly theory.
Evolutionary diversification can certainly shape the community structure, but clear evidence of this process has been shown only in short-lived organisms. By experimentally modifying diversification rates in bacteria, Fukami and colleagues (2007) obtained communities with different phenotypic structures (different proportion of A step forward The current refinements in the methods for detecting phylogenetic and phenotypic community structure depart from the simplistic view of the dichotomy between competition and habitat filtering, and acknowledge the evolutionary dynamics in the community assembly processes.
Going beyond the dichotomy of competition versus filtering.
Recently, the application of community phylogenetic methods has helped to demonstrate that competition is not the only force limiting the similarity of co-occurring species, and that abiotic factors are not the only filtering forces (Cavender-Bares et al. 2009 ). Researchers have suggested that pathogen-host interactions overdisperse the phylogenetic structure of forest communities, as closely related trees are similarly susceptible to infection (e.g., Gilbert and Webb 2007) . Likewise, predation may produce phylogenetic clustering (Vamosi and Vamosi 2007) or overdispersion (Brower 1996) . Of special relevance is the identification of positive interactions as forces assembling communities, in contrast to the traditional thinking that only negative interactions are relevant in structuring communities. Facilitation is an ecological interaction usually occurring between phylogenetically distant related species, and therefore communities driven by facilitation are phylogenetically overdispersed (e.g., Valiente-Banuet and Verdú 2007) . Pollinator facilitation can lead to patterns of phylogenetic clustering or overdispersion, depending on whether pollinator traits are evolutionarily conserved (Sargent and Ackerly 2008) . Further mutualistic interactions such as Müllerian mimicry can also shape community structure depending on the co-occurrence of the mimetic patterns (Elias et al. 2008) .
Both limiting similarity and habitat filtering may occur in a given community (Weiher et al. 1998) . Before species interactions limit the similarity of co-occurring species, environmental filtering may restrict the species composition of the community (Wilson 2007) . Indeed, there is evidence of both niche differentiation (low SD of nearest-neighbor distance among trait values) and filtering (small range of observed traits) in different traits of the same community, or even for the same trait of a given community (Kraft et al. 2008, Cornwell and ). Helmus and colleagues (2007a) provided a method combining the environment-and phylogeny-based approaches to simultaneously test whether the final composition of communities is the result of the combined effect of both competition and habitat filtering. As limiting similarity and environmental filtering lead to opposite phenotypic and phylogenetic patterns (figure 3), they may obscure each other's effects, precluding the detection of community structure unless they are explicitly considered separately (Helmus et al. 2007a) . First, environmental filtering is detected by the phylogenetic signal of the regression coefficients of species occurrence with environment (see section on environment-based methods above, and 4 in figure 1 ). Then, limiting similarity is inferred by correlating phylogenetic and co-occurrence distances after statistically removing the environmental effects. diversification; on the other hand, a scenario with high beta diversity and high phylogenetic beta diversity indicates phylogenetic overdispersion driven by early diversifications.
Approaches that include both local and historic processes allow us to overcome the traditional dichotomy of the importance of local versus regional processes in assembling communities. We have shown that the new methodological advances in community ecology explicitly incorporate trait divergence, species diversification, and dispersal limitations, together with local processes, and thus we are on the way to establishing the desired bridge between community ecology and evolutionary biology (Johnson and Stinchcombe 2007, Cavender-Bares et al. 2009 ).
Future directions
Despite the apparent jungle of terms and methods, here we show that a unified framework involving the relationships between four concepts (co-occurrence, phenotype, phylogeny, and environment) is sufficient to obtain an integrated view of the processes structuring communities. A checklist integrating the concepts proposed above (figure 1) as well as the software available (table 1) may guide researchers performing a complete community structure study (box 4). The field of community ecology may benefit from new theoretical and methodological advances that would provide the opportunity to deal with future challenges in conservation biology. Below we outline these possible advances.
From a theoretical point of view, the field may benefit from current advances in the theory of species coexistence and in the theory of ecological networks. For instance, there is growing evidence that coexistence can be driven by the long-term rates at which community members recover from low density by means of equalizing and stabilizing mechanisms; equalizing effects minimize fitness differences between species, whereas stabilizing processes increase the negative intraspecific interactions (Chesson 2000 , Holt 2006 . Similarly, network theory is providing clues for understanding species coexistence (Chesson and Kuang 2008) ; for example, network parameters such as nestedness can shed light on the strength of interspecific competition and species coexistence (Bastolla et al. 2009 ).
Methodological advances in understanding community structure are associated with the increasing availability of databases of both phylogenetic and phenotypic information. Such growth of phylogenetic information would ideally allow us to move from phylogenetics to phylogenomics and achieve not only a better understanding of the historical relationships between species but also infer the genetic signature of both ecological (e.g., filtering) and evolutionary bacteria morphotypes). Given that most traits are evolutionarily conserved (Blomberg et al. 2003) , species arising after diversification in a particular clade will share similar trait states. This process would lead to an overrepresentation of the ancestral trait of that clade in the community, and consequently to phenotypic clustering (Pausas and Verdú 2008) . Indeed, several diversification scenarios of random branching processes, such as pure birth or birthdeath models, can generate phenotypic clustering. To test whether the phenotypic structure of communities is mediated by an adaptive diversification of a particular clade, we need, as suggested by Pausas and Verdú (2008) , to (a) test whether the branching pattern of the phylogeny fits to one of above mentioned branching scenarios (e.g., by means of a likelihood ratio test; Rabosky 2006) , and (b) compare the morphospace occupied by the community with a null morphospace computed by simulating the evolution of traits based on the observed trait variance-covariance matrix (Revell et al. 2007) . If the observed morphospace is not different from the morphospace obtained with simulated trait data, then we cannot reject the possibility that the phenotypic community structure is mediated by an adaptive diversification.
In a biogeographical context, trait evolution and species diversification can be mediated by migration and dispersal processes (e.g., Moen et al. 2009 ). Recent approaches that work by comparing beta diversity (species turnover across the space) with phylogenetic beta diversity (i.e., species turnover including the temporal dimension defined by phylogenetic distances) allow the differentiation of the relative role of regional processes, including trait evolution and species diversification into the assembly of communities (Graham and Fine 2008) . For example, high beta diversity combined with low phylogenetic beta diversity indicates a phylogenetic clustering mediated by recent Articles adding facilitators or predators, and so on. Abiotic factors can also be experimentally altered by shading, burning, irrigating, fertilizing, or using open-top chambers or free-air carbon enrichmnent experiments. The maximum control of factors, including the species pool, can be achieved by micro-and mesocosm experiments. However, it is worth noting that the greater the control, the lower the realism. The array of methods described here may contribute to better planning of conservation policies. Given that most traits are evolutionarily conserved, long-distantly related species are those that capture the highest morphological and functional variability. Consequently, maximizing phylogenetic diversity better captures evolutionary information than species richness, and thus it has been shown as the best bet hedging conservation strategy (Forest et al. 2007 ). Restoration ecology may also benefit from the recent findings on community ecology. For instance, the phylogenetic-based approach can optimize the recent restoration practices based on facilitation by considering that facilitation tends to occur between distantly related species (Valiente-Banuet and Verdú 2007) . Similarly, the phenotypebased approach provides a framework to protect successful restoration efforts against invasion by selecting native species with traits similar to likely invaders and maximizing trait variability (Funk et al. 2008) . In addition, the environment-based approach may provide insights on the management of ecological filters (nutrients, fire, mowing); for instance, managing fire regimes may select for or against desired and undesired species (Funk et al. 2008 ).
processes (e.g., diversification). Furthermore, there is a need to improve the characterization of phenotypes by considering individual variability and traits more proximal to biological processes than the classical surrogates (e.g., direct information of growth rate instead of wood density). The difficulty of measuring some functional traits relevant to community structure (e.g., allelopathic effects) may be overcome by working with functional genes. For example, microarray-based genomic technology is allowing the detection of functional genes responsible for processes that structure microbial communities and ecosystem function. The barrage of genetic and phenotypic data may overwhelm the current statistical methods. We urgently need to integrate this huge amount of information and the associated uncertainty of the resulting phylogenetic trees (e.g., topology, branch length) and phenotypic characterizations (e.g., intraspecific trait variability, ancestral reconstruction models). Although some advances have been made in comparative methods (e.g., Bayesian statistics), little is done in that direction in the framework of community ecology.
We also need to move toward experimental approaches in order to avoid the myriad confounding factors affecting natural communities. This would also allow us to rigorously validate the predictive value of the methods used to infer assembly processes. Experimentation may imply modification of the biotic and abiotic factors responsible of assembly processes, as well as the species pool. For instance, modification of biotic factors is possible by removing competitors, A promising direction of the methods reviewed here is to predict ecosystem function on the basis of phylogenetic relatedness. For instance, Cadotte and colleagues (2008) showed that plant community biomass is better predicted by considering species relatedness of the community than by the traditional biodiversity indicators such as the number of species or functional groups. Phylogenetic relatedness can also effectively act as a proxy for species' responses to disturbance, and thus these methods can be applied to temporal slices to detect changes in phylogenetic and phenotypic structure (Helmus et al. 2010) . Linking phylogenetics and ecosystem function opens up the possibility of predicting ecological consequences of biodiversity shifts in a changing world. Indeed, phylogenetics can guide better taxon sampling of key physiological traits for scaling from organism physiology to global processes (Edwards et al. 2007 ).
